Hepatitis C virus (HCV) infection is
Hepatitis C virus (HCV) infection is a potent risk factor for the development of hepatocellular carcinoma (59) and probably also non-Hodgkin's B-cell lymphoma (10) , although the latter case is still controversial. Chromosomal abnormalities are common in hepatitis C patients and may reflect disease severity in the progression to cancer (21) . Physical or chemical agents or oncogenic viruses commonly induce karyotypic abnormalities in cells (3) . Genomic instability, one of the hallmarks of malignant transformation, promotes chromosomal translocations, gene amplifications, polyploidy, and chromosome deletions, resulting in loss of heterozygosity (25) . Lossof-heterozygosity events, involving the activation of proto-oncogenes or the inactivation of tumor suppressors, may provoke unrestrained cell growth and lead to malignant transformation (63) . Previously, we have demonstrated that HCV infection induces a mutator phenotype by enhancing DNA doublestrand breaks, leading to hypermutation of immunoglobulin, proto-oncogenes, and tumor suppressor genes (30) .
This finding suggests that genomic alterations induced by viral genes may be one of the mechanisms of HCV oncogenesis. However, the molecular mechanism of chromosomal alterations associated with HCV infection has not been elucidated.
HCV contains an RNA genome that encodes 10 viral proteins. Among all of the HCV proteins, the core protein has been shown to have oncogenic potential. The expression of core protein can transform certain cell lines (42) , and core protein-expressing transgenic mice develop tumors at an increased frequency (36) . Furthermore, core protein has been shown to impair cell cycle regulation in stably transformed Chinese hamster ovary cells (16) . Core protein also affects the function of human Rb, LZIP (a homologue to the Drosophila melanogaster BBF2/dCREB-A protein), and other cell growth regulatory proteins, such as 14-3-3 (1, 4, 13, 20, 61) . The Rb gene can uncouple cell cycle progression from mitotic control by activation of mitotic checkpoint protein Mad2, leading to genomic instability (14) .
Karyotype analysis is routinely performed in peripheral blood mononuclear cells (PBMCs). A hepatocyte in vitro culture system that mimics HCV infection of cells in hepatitis C patients was previously developed (64) . We utilized this system to characterize the possible effects of HCV infection on chromosome stability. We showed that HCV infection in vitro induced multiple chromosomal abnormalities, including polyploidy. These effects can be mimicked by the expression of the HCV core protein alone. Based on the observation that the Rb defects promote genomic instability by uncoupling cell cycle progression from mitotic control, leading to genomic instability (14) , we hypothesized and demonstrated that inhibition of Rb expression is the key event for chromosomal instability in HCV-infected cells. We further demonstrated that downregulation of Rb expression by HCV infection or core protein alone leads to sequential E2F-1 and Mad2 overexpression, which results in uncoupling of mitotic checkpoint. This study provides insights into novel mechanisms of oncogenesis for an RNA virus, which does not possess the classical oncogenes and does not integrate into chromosome.
Invitrogen, Inc.). The medium was changed 2 h later, and 10 ng/ml murine epidermal growth factor (Invitrogen, Inc.) was added. Forty-four hours after plating, colcemid (Karyomax; Invitrogen, Inc.) was added to the medium. After an additional 2 to 3 h of incubation, the hepatocytes were removed from the dish with 0.25% trypsin solution and harvested for chromosome analysis by hypotonic treatment (0.075 M KCl) for 9.5 min (65). The hepatocytes were then further treated with 3:1 (vol/vol) acetic methanol fixative, and slides were prepared as described previously (47) . Fifty G-banded metaphase spreads and SKY stainings of good morphology were randomly selected from cytogenetic preparations from each mouse.
Immunofluorescence. HCV-infected Raji cells were seeded onto sterile coverslips and irradiated from a 137 Cs source. At 6 h postirradiation, cells were fixed for 10 min in phosphate-buffered saline-buffered 3% paraformaldehyde-2% sucrose solution, followed by 5 min permeabilization on ice in Triton buffer (0.5% Triton X-100 in 20 mM HEPES, pH 7.4, 50 mM NaCl, 3 mM MgCl 2 , 300 mM sucrose) for 5 min. These cells were immunostained with a monoclonal Mad2 antibody (Invitrogen), followed by a species-specific fluorochrome-conjugated secondary antibody (Jackson Immunoresearch) and photographed by confocal microscopy (Axiovert 35, Zeiss). For tubulin staining, antitubulin antibody (Sigma) and histone 2B (H2B)-green fluorescent protein (GFP) expression plasmids (pBOBH2BGFP; Clontech) were used.
Plasmids. The PCR-generated NS3, NS4B, NS5A, and NS5B cDNA fragment (genotype 1b and genotype H77) containing the Flag sequence was cloned into pcDNA3.1 (Invitrogen, Carlsbad, CA) as previously described (5, 62) .
Mitotic spindle checkpoint assays. The ability of cells to complete mitosis was assayed by bromodeoxyuridine (BrdU) incorporation, since DNA synthesis occurs only after mitosis is completed (7) . Log-phase cells were incubated with 0.27 M colcemid for 24 h. During the final 4 h of incubation, 10 M BrdU was added. Cells were fixed and analyzed for DNA content and incorporation of BrdU by flow cytometry as previously described (11) . This analysis determines the defects of the mitotic checkpoint.
Transfection and reporter assay. Cells were transiently transfected using FuGENE transfection reagent (Boehringer Mannheim, Mannheim, Germany) with plasmids containing the luciferase reporter gene under the control of Rb, E2F-1 (Clontech), or the Mad2 promoter (17) . Briefly, at 50% confluence, cells were transfected with a mixture of 1 g of the reporter plasmid DNA and 3 l of FuGENE reagent and incubated for 6 h at 37°C; then cells were washed and fresh medium was added. At 36 h posttransfection, the medium was replaced with fresh medium. Cells were harvested, and luciferase activity was determined using a Promega dual-luciferase reporter assay system. Cells were washed twice in phosphate-buffered saline and lysed by adding 200 l of a lysis buffer (Promega). After 15 min at room temperature, the lysate was removed and centrifuged. To 20 l of supernatant, 100 l of a luciferase assay reagent was added, and firefly luciferase activity was measured in a Lumat LB9501 luminometer (Berthold, Wildbad, Germany) according to the manufacturer's guide. For the chloramphenicol acetyltransferase (CAT) assay, the Rb promoter CAT reporter plasmids were obtained from Wen-Hwa Lee of the University of California in Irvine. The FAST CAT assay kit (Molecular Probes) was used.
Statistical analysis. Statistical analysis of the data from aberrant chromosomes was performed by the 2 test. The t test was performed for a DNA damage sensitivity assay. P values of Ͻ0.05 were considered statistically significant.
RESULTS
HCV infection induces polyploidy. To determine whether HCV infection induces chromosomal aberrations, we performed karyotyping of the PBMCs from hepatitis C patients. Previously we have shown that PBMCs from some hepatitis C patients had enhanced mutations of multiple cellular genes (30) . In this study, we further attempted to detect gross chromosomal aberrations and numerical changes of chromosomes by karyotyping analysis (SKY) (27, 49) . HCV core protein and RNA in the PBMCs of the HCV ϩ patients, but not healthy individuals, (Fig. 1A and B) were demonstrated by fluorescence-activated cell sorter (FACS) and seminested PCR, respectively. HCV RNA could be detected in PBMCs from 8 out of 14 hepatitis C patients (see Table S1 in the supplemental material). We found that PBMCs from HCV-infected patients showed chromosome polyploidy (Fig. 1C) frequently than PBMCs from healthy individuals ( Fig. 1D and E; P Ͻ 0.05). Hepatitis patients from non-HCV sources did not show such a high frequency of polyploidy (Fig. 1E) . Polyploidy most often occurred as tetraploid, but chromosome sets of a higher number have also been observed (Fig. 1E ). In addition, translocations involving different pairs of chromosomes were frequently observed in these systems. Since polyploidy and translocation are caused by different mechanisms (33), we focused on polyploidy in this study.
To establish that the observed polyploidy phenotype was caused by HCV infection rather than as a result of inflammatory responses, we performed in vitro infection of human primary hepatocytes using a well-characterized hepatotropic strain of HCV, JFH-1 (64) ( tected indeed reflected HCV RNA replication in JFH-1-infected cells (Fig. 1F) . Furthermore, to test the specificity of virus infection, we also examined the effects of neutralization with anti-CD81 antibody. The results showed that the level of HCV RNA was lowered by anti-CD81 in a dose-dependent manner, suggesting that the HCV RNA detected indeed represented specific infection of cells by HCV (Fig. 1G) . Also, HCV-inoculated cells were treated with alpha interferon (IFN-␣) and IFN-␥. The HCV RNA level was lowered by the IFN-␣ and -␥ treatment in a dose-dependent manner (see Fig.  S1 in the supplemental material). Finally, HCV RNA could be detected by RT-PCR for as long as 30 days after virus inoculation (Fig. 1H ). Taken together, these results demonstrate that the HCV JFH-1 detected indeed represents real HCV RNA replication of human primary hepatocytes and not merely the attachment of the virus on the cell surface.
The infected primary hepatocytes expressing HCV core protein were sorted out (Fig. 1I) , and the cells with and without the core protein were separately used for karyotype analysis ( Fig. 1I to L). Uninfected and infected cells were examined at different time points after infection. Observers, blinded to the cells' identity, scored metaphase chromosome spreads prepared from the HCV-infected primary hepatocytes and uninfected counterparts. HCV-infected core protein-positive cells had a high frequency of cells exhibiting polyploidy (more than 46% at 10 days postinfection) (Fig. 1J) . In contrast, only 21% of uninfected or mock-infected cells were polyploid (Fig. 1M) . It is not clear why primary hepatocytes have a high background of chromosomal polyploidy; similar observations were made with mouse primary hepatocytes (see Fig. 3 ). Similar results were also obtained in lymphocytes infected with a lymphotropic strain of HCV (SB strain; see Fig. S2 in the supplemental material), even though HCV replication in the lymphocytes has not been fully verified. These observations altogether demonstrate that HCV infection induces chromosomal polyploidy either in patients or in culture, as well as in blood cells or in hepatocytes.
Core protein induces chromosomal polyploidy. We next attempted to find out which viral protein is responsible for the occurrence of polyploidy. We studied the core protein, since the expression of core protein alone has been shown to induce tumors in transgenic mice (36) . For this purpose, we used both a human liver cell line, HepG2, and an embryonic kidney cell line, HEK293, which stably expresses the core protein (Hepcore and 293-core), as well as a control cell line with a neomycin resistance gene (Hep-neo and 293-neo). Ploidy was charted periodically during a 6-month period. Cells were split (1:5) every 4 days. Approximately 2% of 293-neo cells showed chromosomal polyploidy initially (Fig. 2B) ; this frequency remained unchanged during serial passages (Fig. 2C ). In contrast, the frequencies of polyploidy in the core protein-expressing cells increased as cell passage number increased ( Fig. 2A  and D) . More than 20% of the core protein-expressing cells showed numerical chromosomal abnormalities, including polyploidy and hypertriploidy, at passage 36 (Fig. 2D) . To exclude apoptosis as the cause of polyploidy and chromosomal abnormalities, apoptotic cells (annexin V ϩ ) were gated out ( Fig. 2E and F) , and the nonapoptotic cells (annexin V Ϫ ) were then analyzed for the presence of polyploidy. The results showed that nonapoptotic 293-core cells displayed extensive polyploidy (Fig. 2G ). Similar observations were made in HepG2 cells expressing the core protein ( Fig. 2H and I) . These results indicate that the core protein, by itself, can induce chromosomal polyploidy.
To exclude the possibility that chromosomal aberration was an artifact associated with cancer cell lines, we karyotyped metaphases of primary splenocytes, hepatocytes, and MEFs from 50-week-old core protein-expressing transgenic mice. The core protein-expressing transgenic mice used in this study developed tumors which originated from hepatocytes and lymphocytes at the age of 14 months and more frequent tumor development at the age of 20 months in livers and spleens (unpublished observation). Cytogenetic studies revealed that primary splenocytes of core protein-expressing transgenic mice displayed a nearly twofold higher frequency of polyploidy than that of the control mice (Fig. 3A to D) . Similar results were obtained for the primary hepatocytes (Fig. 3E to I ) and MEFs (see Fig. S3A in the supplemental material), although the primary hepatocytes have a high background of polyploidy even in the wild-type mice (Fig. 3I) . These results indicate that HCV core protein induces polyploidy in several types of primary cells from HCV core protein-expressing transgenic mice, excluding artifactual polyploidy, which is common in cancer cell lines.
Core protein inhibits Rb and activates E2F-1 and Mad2, leading to uncoupling of the mitotic checkpoint. Polyploidy signifies defects in mitotic checkpoints. To determine the mechanism of HCV-induced defects in the mitotic checkpoint, we determined the status of Rb pathway in core-expressing cells since Rb is an upstream key regulator of these pathways (14) and core protein has been reported to downregulate Rb expression (13, 14) . Core protein-expressing cells showed a reduced Rb protein level in two different hepatocyte cell lines expressing the HCV core protein (Fig. 4A ). E2F-1, which is a master transcription regulator under the control of Rb (14) , was correspondingly increased. Mad2, which is under the transcriptional regulation of E2F-1 and is a component of the mitotic checkpoint complex (14) , was also upregulated in coreexpressing cells. In contrast, Mad1 expression, which is independently regulated (6), was not affected (Fig. 4A) . To determine whether alteration of Rb, Mad2, and E2F-1 expression by core protein is at the transcriptional level, these mRNAs were quantified by real-time RT-PCR. The results showed that Rb mRNA was significantly reduced in cells expressing the core protein (Fig. 4B) , while the e2f-1 and mad2 mRNAs were increased ( Fig. 4C and D) . These results were confirmed in Raji cells infected with the SB strain of HCV (see Fig. S5A to D in the supplemental material). These results demonstrated that the transcription of these genes was affected by HCV infection and also by core protein alone.
To further confirm the overexpression of Mad2 in core protein-expressing cells, we performed immunostaining of Mad2 in stable transformants of HepG2 and HEK293 cells. The control cells expressing neomycin phosphotransferase (Hepneo and 293-neo) did not have staining of Mad2; in contrast, Hep-core and 293-core cells had significant staining of Mad2 in the nucleus (data not shown). FACS analysis further showed that core protein-expressing cell lines had a significantly higher number of Mad2-positive cells (Fig. 4E) , indicating that core protein expression induces Mad2 protein expression. These VOL. 83, 2009 HCV UNCOUPLES MITOTIC CHECKPOINT THROUGH Rb 12593 data were further confirmed by luciferase reporter assay using the Rb, E2F-1, and Mad2 promoter-driven luciferase reporters in hepatocytes expressing the core protein, in which core protein inhibited the Rb promoter activity but enhanced the Mad2 promoter activity (Fig. 4F and G) . The same results were obtained in lymphocytes infected with a lymphotropic strain (SB strain) of HCV (see Fig. S5E and F in the supplemental material). These results demonstrated that expression of core protein alone reduced the transcription of Rb, but activated E2F-1 and Mad2 transcription. These results are consistent with the previous reports that Rb inhibits E2F-1 and Mad2 expression (14) . Furthermore, Rb promoter-driven luciferase assay performed in cells expressing individual HCV proteins showed that Rb promoter was inhibited by the core protein only, but not other viral proteins (Fig. 4H) . The expression of each viral protein in this set of transfection was confirmed by RT-PCR analysis of the individual RNA (data not shown). The inhibition of Rb transcription by the core protein has previously been reported (4); however, the mechanism of inhibition remains unclear. We therefore proceeded to characterize the promoter sequence involved in the transcriptional regulation. The analysis of truncation mutants of Rb promoter further showed that the region from nucleotide (nt) Ϫ116 to nt ϩ186 of the Rb promoter, which includes p53-, C/EBP-and ATF/CREB-binding sites, is required for transcriptional activation (see Fig. S5G in the supplemental material). These results indicate that core protein reduces the Rb promoter activity.
To define the region of core protein involved in the inhibition of Rb promoter, a series of deletion mutants of core protein were used in the Rb promoter CAT assay. The amino acid 1-to-173 (aa 1-173), 1-153, and 1-115 deletion mutants caused reduction in Rb promoter activity to the same extent as the full-length core protein (aa (Fig. 4I to K) . However, the aa 1-81 mutant did not inhibit the Rb promoter activity (P Ͻ 0.05, two-sample t test) (Fig. 4K ) and did not significantly induce polyploidy (Fig. 4L and M ). These results demonstrate that the middle domain (aa 81-115) of core protein is critical for the inhibition of Rb promoter activity. HCV infection or core protein impairs mitotic spindle checkpoint functions through E2F-1 overexpression. Increased frequency of polyploid metaphases from core protein-expressing cells implies possible inactivation or deregulation of mitotic spindle checkpoint function (7, 8) . Furthermore, the alterations of the ratio of Mad2, Mad1, and other components of the mitotic checkpoint complex (6) in these cells suggest possible dysfunction of the mitotic checkpoint (17) . We used JFH-1-infected Huh7.5.1 cells to examine this possibility. The status of HCV infection in Huh7.5.1 cells was confirmed by FACS analysis of the core protein in the infected cells (Fig. 5B) . We therefore assessed the mitotic spindle checkpoint function by incubating HCV-or mock-infected Huh7.5.1 cells in colcemid for 24 h to inhibit microtubule polymerization and then quantifying DNA synthesis by BrdU incorporation. In the absence of colcemid, ϳ3% of HCV-infected cells (versus 1% in mockinfected cells) at day 7 were in the polyploid compartment by FACS analysis (Fig. 5A ). When treated with colcemid, HCVinfected Huh7.5.1 cells at day 7 showed a more than fourfoldhigher frequency of polyploidy than uninfected Huh7.5.1 cells (12% versus 3% of cells). At day 14, HCV-replicating Huh7.5.1 cells also displayed a higher frequency of polyploidy than mock-infected Huh7.5.1 cells (21% versus 3%) in the presence of colcemid treatment (Fig. 5A) .
Similar results were obtained in HEK293 cell lines expressing the core protein. In the absence of colcemid, ϳ5% of 293-core cells (versus 2% in 293-neo cells) at passage 11 were in the polyploid compartment by FACS analysis (Fig. 5C ). When treated with colcemid, 293-core cells at passage 11 showed a more than sixfold-higher frequency of polyploidy than 293-neo cells (39% versus 6% of cells). At passage 38, 293-core cells also displayed a higher frequency of polyploidy than 293-neo cells (23% versus 4%), even in the absence of colcemid treatment (Fig. 5C ). These results indicate that the core protein impairs spindle checkpoint function.
To determine whether defects in the mitotic checkpoint were indeed caused by E2F-1 overexpression, we used small interfering RNA (siRNA) against e2f-1 to downregulate E2F-1 expression (Fig. 5D) . The results showed that the E2F-1 siRNA significantly reduced the expression of E2F-1 protein (Fig. 5D ) and correspondingly reduced polyploidy formation (Fig. 5E ), indicating that core protein-induced E2F-1 overexpression leads to the observed defects in mitotic checkpoint. To further demonstrate that the core protein-induced cascade of Rb-E2F-1-Mad2 leads to polyploidy development, we overexpressed E2F-1 or Mad2 in the HCV core cells and also used lentivirus-mediated shRNA specific for E2F-1 to downregulate E2F-1. Both E2F-1 and Mad2 overexpression caused a signif- 
VOL. 83, 2009
HCV UNCOUPLES MITOTIC CHECKPOINT THROUGH Rbicant increase in apoptosis, as determined by annexin V or trypan blue staining ( Fig. 5F and I, and see Fig. S6 in the supplemental material). Furthermore, core protein expression retarded cell growth, indicating that HCV core protein-induced dysfunction of mitotic checkpoint retarded the progression of mitosis, leading to significant increase of apoptotic cell death (Fig. 5F, H and I) . Knockdown of E2F-1 in HCV core protein-expressing 293 cells restored the regular ploidy ( Fig.  5E to G). These results combined indicate that overexpression of E2F-1 induces polyploidy in HCV core protein-expressing cells. Expression of HCV core protein induces defects of mitotic segregation. To further demonstrate that E2F-1 mediates the core protein-induced mitotic segregation defects, chromosome and cytoskeleton double-staining of the core protein-expressing cells was performed. Core protein-expressing cells showed significant defects in mitotic segregation, as demonstrated by aberrant staining of tubulin and abnormal distribution of H2B (Fig. 6 ). This pattern was very similar to that observed in cells overexpressing E2F-1 or expressing Rb shRNA (Fig. 6) (44) .
When the 293-core cells were treated with E2F-1 shRNA, the H2B staining returned to normal. These results combined are consistent with the interpretation that HCV core protein expression inhibits mitotic checkpoint through E2F-1 overexpression, leading to mitotic segregation defects.
DISCUSSION
The studies presented here have demonstrated that HCV infection, or the expression of the HCV core protein alone, inhibits mitotic checkpoint functions, resulting in chromosomal polyploidy. Polyploidy was demonstrated in PBMCs of hepatitis C patients, core protein-expressing transgenic mice, and HCV-infected cell culture as well as cells expressing HCV core protein alone. Furthermore, we observed similar effects in both B cells (Raji cells and PBMCs), hepatocytes (primary hepatocytes and HepG2 and Huh7 cells), and other cell types from core protein-expressing transgenic mice (MEFs and splenocytes). Thus, these effects are likely universal. We showed that HCV infection inhibits the mitotic checkpoint HCV UNCOUPLES MITOTIC CHECKPOINT THROUGH Rbthrough the Rb-E2F-1-Mad2 pathway ( Fig. 7) : namely, the core protein inhibits Rb gene transcription, leading to overexpression of E2F-1 and subsequently Mad2, the latter of which is a component of the mitotic checkpoint complex (50), which results in malfunction of the mitotic checkpoint complex. Components of mitotic checkpoints include Mad1, Mad2, Bub1, BubR1, Bub3, and the Bub3-related protein Rae1 (9) . It has been shown that the ratio of these components is crucial for the formation of a functional mitotic checkpoint complex (9, 14) . Complex formation is crucially regulated by ubiquitindependent protein degradation. The overexpression of Mad2, while Mad1 is unaffected, will disturb the normal ratio of these components in the mitotic checkpoint complex (14) . The detailed mechanism of Rb suppression by core protein remains obscure (4, 13, 61) . Our studies showed that the core protein inhibits Rb transcription through the suppression of the Rb promoter activity and that core protein is the only HCV protein capable of inhibiting Rb transcription. It is speculated that core protein may lift the inhibitory function of p53 on the Rb promoter (52) since core protein inhibits p53 transcription (43). We did not investigate the status of the other components of the mitotic checkpoint in this study, but the alteration of Mad2 should be sufficient to disrupt the formation of the mitotic checkpoint complex. The effects of core proteins reported here were studied in various cell types, including primary hepatocytes and splenocytes. Thus, these findings are likely universal for all of the cell types. Interestingly, we did not observe Rb inhibition in NS5B- expressing cells, although it has been shown that NS5B inhibits Rb transcription (37) . Differences in genotypes or cell lines may explain this discrepancy. We have ruled out cellular apoptosis as the cause of chromosome aberrations. Furthermore, these effects are not due to cell passages or associated with cancer cell lines.
In addition to polyploidy, HCV infection or core protein alone induced aneuploidy. Prototypically, a different type of spindle checkpoint defect is known to regulate aneuploidy (56) . Mad2 overexpression has also been shown to promote aneuploidy, which is associated with tumorigenesis in mice, including hepatoma, lymphoma, and lung adenoma (54) . However, it has been shown that Mad2 overexpression prevents aneuploidy and abnormal chromosomal segregation (15, 34) ; therefore, the implication of increased Mad2 expression in aneuploidy is not fully clear.
Chromosomal polyploidy is a hallmark of malignancy, including hepatocellular carcinoma (2, 22) and B-cell lymphoma (23, 39) . The mechanism of polyploidy in cancer has been reported to include cleavage failure, mitotic checkpoint failure, or mitotic spindle failure (31) . The downregulation of Rb gene transcription, with a resultant disruption of mitotic checkpoint complex, represents a common mechanism of viral oncogenesis. Several other viruses (human papillomavirus and simian virus 40) have been shown to cause chromosomal polyploidy by this mechanism (11, 12, 55) . Epstein-Barr virus EBNA3C inhibits p27 KIP1 and abrogates the mitotic spindle checkpoint (24, 41) . Furthermore, human T-cell leukemia virus Tax binds to Mad1 or the Cdc20-associated anaphase-promoting complex and activates it ahead of schedule (19, 26) . By these pathways, different viruses alter mitotic checkpoint and cause cell cycle dysregulation and, consequently, polyploidy, resulting in upregulation of proto-oncogenes and downregulation of tumor suppressor genes (31, 60) .
The full-length core protein is localized in the cytoplasm, but various C-terminus truncation mutants of core protein have been found in the nucleus (35, 58) . These truncated forms have been shown to interact with many nuclear proteins (40) . Since the mitotic checkpoint complex is localized in the nucleus, the truncation mutants of core protein are likely responsible for these effects.
Even if HCV does not replicate in B cells, but only binds to the cell surface, the signaling from the virus binding perhaps could account for these findings. We have shown that binding of HCV to the cell surface induces tumor necrosis factor alpha (28) . Indeed, tumor necrosis factor alpha decreases Rb protein expression in a dose-and time-dependent manner, whereas it increases the expression level of tumor suppressor p53 protein (18) .
It is not clear why human and mouse primary hepatocytes have a high background of chromosomal polyploidy. A previous study also demonstrated a similar observation in mouse primary hepatocytes (46) . It could be caused by formation of undigested hepatocyte clumps or binuclear heptocytes.
In conclusion, HCV, through its core protein, causes polyploidy (Fig. 7) . HCV inhibits Rb, resulting in the induction of Mad2, which is a component of the mitotic spindle checkpoint complex (51) . The imbalance of the components of the mitotic checkpoint complex leads to defects in mitotic checkpoint and subsequently polyploidy. The reduced ability of HCV-infected cells to regulate the mitotic checkpoint will introduce random mutations and rearrangements into the genome, leading to predisposition to cancer. These findings open up a new avenue for investigating the mechanism of HCVassociated malignancies.
